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The transformation of soil from a plastic state to a viscous liquid state is primarily caused by a change in the water content of the soil
mass. As the water content increases, the soil mass gradually starts to behave like a viscous liquid. In spite of viscosity being a key
parameter to the initiation of mudﬂows, there have only been a few datasets on soil viscosity changes successfully measured
continuously as the soil moves from a plastic state to a viscous liquid state. The aim of the current research is to design a new device to
overcome this problem. Based on the trap door principle, formulated by Terzaghi (1943) and the Bingham model, a new device called
the ﬂow box was designed. The governing equation of the ﬂow box was derived in this research in order to obtain the relationship
between the initial viscosity and the liquidity index. In this study, the viscosities in both plastic and viscous liquid states were clearly
deﬁned by the ﬂow box test. The expected decrease in initial viscosity was followed by an increase in the liquidity index, which
corroborated with the test results. The initial viscosity readings were also validated with the results of other similar researches and the
case study of the Maokong mudﬂow. Hence, the purpose of this research is to create a new device to successfully determine the viscosity
levels as soil changes from the plastic state to the liquid state.
& 2013 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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Since viscosity is an important parameter in elucidating the
triggering factors related to the initiation of mudﬂows, the
present study aims to develop a new laboratory model for
clay samples based on the trap door principle (Terzaghi,
1943) called the ‘‘Flow Box’’. The ﬂow box test (FBT) offers13 The Japanese Geotechnical Society. Production and hostin
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nder responsibility of The Japanese Geotechnical Society.the advantage of measuring viscosity (Z) in both plastic and
viscous liquid states using displacement data.
Some researchers (Varnes, 1978; Cruden and Varnes, 1996;
Hungr et al., 2001) believe that mudﬂows are closely related
to Atterberg limits, the liquidity index (LI), and the ﬂow
velocity (v). Hence, from the initiation of a mudﬂow to its
actual movement, the soil mass could change rapidly from a
plastic state to a viscous liquid state. However, some
important initiating factors for mudﬂows (e.g., water content,
time, and loading) remain inadequately explained due to
deﬁciencies in current conventional laboratory tests, such as
measurements taken from viscometer readings. The visc-
ometer is limited to measuring the viscosity (Z) of only
viscous liquids and not that of materials in the plastic state.
Other researchers (Vallejo and Scovazzo, 2003; Mahajan
and Budhu, 2006, 2008) have developed alternative means,g by Elsevier B.V. All rights reserved.
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to obtain viscosity measurements of materials in different
states. Mahajan and Budhu (2008) derived a linear rela-
tionship between Z and LI in both plastic and viscous
liquid states. However, the results gave unreasonably high
values for the initial viscosity, which are unable to explain
the initiation of mudﬂows in actual cases. This paper
discusses the abovementioned issues and subsequently
presents the design and the testing of the new ‘‘Flow
Box’’ device. The hypothesis for this research is as follows:
The relationship of viscosity and LI is not linear for a
material transitioning from the plastic state to the viscous
liquid state. Thus, viscosity is a key parameter in explain-
ing the initiation of mudﬂows due to changes in the soil
conditions.2. Background
2.1. Rheology
Rheology is a constitutive law that dictates the behavior
of ﬂows (Vyalov, 1986; Lorenzini and Mazza, 2004).
Currently, both Newtonian and non-Newtonian models
are in use. Non-Newtonian ﬂuids, as modeled in [Fig. 1(a)],
are dependent on two rheological parameters, namely, the
yield stress (ty) and the viscosity (Z), whereas Newtonian
ﬂuids only use parameter Z. Values for both ty and Z can
be obtained with a viscometer. If the mobilized shear stress
(t) is lower than ty, then the soil is in a plastic state.
Otherwise, the soil is in a viscous liquid state (Krizek,Fig. 1. Behavior of mudﬂow with (a) model for real material, (b) Schwedoff
viscosity behavior of Schwedoff model.2004). Non-Newtonian ﬂuids are considered as time-
dependent or time-independent problems related to tem-
perature (T) and shear strain rate (_g).
Some researchers treat mudﬂows as viscous liquids with
a non-Newtonian model (Lorenzini and Mazza, 2004). In
this research, mudﬂows are considered as non-Newtonian,
time-dependent problems with a high shear strain rate level
and a constant temperature.2.2. Yield stress and viscosity
Fig. 1(a) shows a nonlinear curve for real mudﬂow
behavior in the ty and _g plane (Mikhailov and Rebinder,
1955). The ty parameter indicates the minimal shear stress
required to cause motion. O’Brien and Julien (1988) stated
that ty is similar to cohesion (c). The value for ty can be
derived from viscometry data having similar or different Z
(Ferraris and Winpigler, 2000), which implies that ty is
constant for a particular water content (w).
Viscosity (Z) describes ﬂuid stiffness and measures the
resistivity of a ﬂuid to ﬂow. The gradient line at a
particular point in Fig. 1(a) is Z. Therefore, Z is deﬁned
as the shear stress required for a ﬂuid to pass from one
layer to another for a speciﬁc distance away from the
original position of the ﬂuid with unit velocity (Douglas,
1975). Lee et al. (2008) developed the moving ball test
(MBT), which is a pulling-sphere type of viscometer based
on the Navier–Stokes equation. The MBT results agree
well with the results of the Stress Rheometer (SR-5), which
is a popular, commercial, torque-type of viscometer.and Bingham model, (c) viscosity behavior of Bingham model, and (d)
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usually limited by sample geometry and strain rate levels.
A combination of MBT and SR-5 tests shows that
obtaining a speciﬁc strain rate level requires more than
one viscometer to accurately determine the viscosity at a
certain shear strain rate level (Barnes et al., 1989).
2.3. Bingham and Schwedoff model
Due to the compatibility of the relatively high shear
strain rate levels of mudﬂows, Bingham’s model may be
applied (Mainali and Rajaratnam, 1994; Ter-Stepanian,
2000; Franzi, 2000). As seen in Fig. 1(b), the gradient of
the tangential line is the dynamic viscosity (ZB) and the
intersection of this line to the ordinate (t) axis is called the
Bingham yield stress (tyB). Eq. (1) is also known as the
Schwedoff–Bingham model (Vyalov, 1986).
t¼ tyBþ yBZ_g ð1Þ
In Fig. 1(b), the Schwedoff model is applied for small
values of shear strain rate levels. Here, Schwedoff’s yield
stress is presented as tyK and Schwedoff’s viscosity is
presented as ZK. Fig. 1(c) shows that the Bingham model
has constant viscosity for shear strain rates from zero to
inﬁnite _g. When _g is zero, Z is inﬁnite (Denn and Bonn,
2010). Fig. 1(d) shows that ZK is higher than ZB; however,
after reaching the Bingham line, ZK equals ZB.
2.4. Herschel–Bulkley model for data operation
The Herschel–Bulkley model is a purely empirical curve-
matching model. It is applicable to viscometer test results
(Lorenzini and Mazza, 2004; Takahashi, 2007) using the
equation
t ¼ t yþ yK _gð Þn ð2Þ
where K (consistent coefﬁcient) and n (ﬂow index) are
constant ﬁtting parameters. The assumptions of the
Herschel–Bulkley model are similar to those of the Bingham
model for relatively high-viscosity ﬂuids with laminar ﬂow
(Huang and Garcia, 1998). Chen et al. (2004) recommended
this model for use with ﬁner-grained soils.
2.5. Shear thinning
For time-dependent deformation, Z describes ﬂow velo-
city (Vulliet and Hutter, 1988; Bonzanigo et al., 2006).
Two types of ﬂuid deformation for real materials are shear
thickening and shear thinning. Shear thickening occurs
when both Z and _gincrease, but if the increase in _gis
followed by a decrease in Z, then the material experiences
shear thinning. The latter response is common for natural
soil (Lal and Shukla, 2004). For shear thinning, a ﬂow
curve has a negative gradient (Dinger, 2002) and illustrates
the relationship between Z and _gthat is presented on a log–
log scale.In summary, the rheology model helps elucidate the
behavior of mudﬂows during the transition from the
plastic state to the viscous liquid state.
2.6. Mudflows
Mudﬂows are deﬁned as the rapid movement of viscous
saturated ﬁne-grained soil (Varnes, 1978; Rahn, 1986;
Arogyaswamy, 1992; Cruden and Varnes, 1996; Schrott
et al., 1996; Terzaghi et al., 1996; Julien and Leon, 2000;
Hungr et al., 2001; Potter et al., 2005). This deﬁnition implies
that w is equal to or higher than the liquid limit (LL).
LL becomes an important parameter in explaining
mudﬂow behavior, despite this being just a conceptual
deﬁnition for Atterberg limits. LL varies depending on the
composition of the soil and the clay minerals. Petkovsek
et al. (2009) found that the value of undrained shear
strength (i.e., cohesion) at LL is 2 kPa. However, the LL
value also indicates susceptibility to slope failure due to
changes in the water content (Rajapakse, 2008).
A mudﬂow enters the viscous liquid state as a soil-like
material where effective stress (s0) governs its behavior
(Faas, 1991; Krizek, 2004), which implies that the liquidity
index (LI) is equal to or higher than one. LI is deﬁned as
LI ¼ w  PL
LL PL ð3Þ
where PL is the plastic limit. Hence, LI is used as an
indicator of the initiation of a mudﬂow.
Mudﬂow occurrence is also related to changes in natural
conditions, i.e., rainfall intensity, deforestation, active
tectonics, as well as volcanic, geological, and soil condi-
tions (Sidle and Ochiai, 2006; Marfai et al., 2008).
However, due to its complexity and unpredictability,
monitoring and obtaining data on the initiation of a
mudﬂow is extremely difﬁcult; its nature and conditions
have not been clearly described.
Increasing the water content leads to soil saturation and
is a key factor in the initiation of mudﬂows (Atkinson,
1993; Woo, 1999). Additional pressure (e.g., intake of
water through shrinkage cracks) and the weathering
process are also contributory factors (Woods and
Woods, 2007; Wesley, 2010). Finally, the force of gravity
causes mudﬂows to move over slopes like a viscous liquid
(Bishop and Walker, 2005).
Data from the mudﬂow case in the Maokong area of
Taipei city, on September 29, 2008, was used to validate
the laboratory results. Maokong soil, for which LL¼33
and PL¼26, is a silt with low plasticity, and therefore,
classiﬁed as ML by USCS. Its permeability was certainly
higher than that of pure clayey soil (CL). The actual water
content at the deposition area was 39.9%, which is higher
than the liquid limit of 33. Field evidence showed that the
highly weathered surface soil, with tension cracks, ﬁlled
with rainwater. The soil became saturated and reached the
liquid limit; then it moved as a mass, a mudﬂow, down to
the toe of the slope. Hence, it was the heavy rainfall that
Fig. 2. Stages of mudﬂow as viscous liquid ﬂow.
Fig. 3. Relationship between initial viscosity and liquidity index from
previous research.
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material had a ﬁnal water content of up to 39.9%.
In conclusion, the changes in water content and loading
were the main triggering factors in initiating the mudﬂow.
Furthermore, rheology parameters emphasize that the
engineering behavior of ﬁne-grained soil is governed by
its mineral and structural composition and water content.
2.7. Mudflow characteristics
The analysis of a mudﬂow is usually divided into three
components, as depicted in Fig. 2, namely, source, trans-
portation, and deposition. Due to the slippage of sliding
materials, instantaneous velocity (Point A) may exist at the
beginning (Woods and Woods, 2007). However, the
viscosity of this viscous liquid material will resist its
movement. Thus, velocity will be reduced during trans-
portation (Point B). The mudﬂow will stop after t is lower
than ty with a zero shear strain rate (Point C). The
displacement (d) versus time (t) curve can be seen in Fig. 2.
2.8. Previous research results
The Z values determined by other researchers range from
7.6 mPa s to 500,000 Pa s, as seen in Fig. 3. Locat and
Demers (1988), Locat (1997), and Jeong (2010) used a
rotational viscometer to study submarine mudﬂow sam-
ples. They showed that, for the submarine mudﬂow of
materials in the viscous liquid state, the relationshipbetween viscosity and the liquidity index is nearly linear.
Researchers have also examined kaolin mudﬂows with
MBT (Lin, 2008), SR-5, both MBT and SR-5 in combina-
tion (Lee et al., 2008), a laboratory ﬂume channel (Vallejo
and Scovazzo, 2003), and a fall cone penetrometer
(Mahajan and Budhu, 2006, 2008). These studies show
that the minimum viscosity is 7.6 mPa s (Locat and
Demers, 1988). Most researchers use a viscometer to
obtain the viscosity. Unfortunately, viscometer results are
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2002).
Different types of tests have been developed to determine
viscosity. One initial approach was to simulate the viscous
drag on shafts during pile penetration for the plastic state
(Mahajan and Budhu, 2006). More recently, viscous drag has
been simulated using a fall cone penetrometer coupled with
the Bingham model (Mahajan and Budhu, 2008). The latter
extended their research and found that the trend is linear in
both plastic and viscous liquid states, as seen in Fig. 3.
Vallejo and Scovazzo (2003) measured the difference in
velocity between two points using the Bingham theory. In
those three studies, relatively high viscosities were shown in
the range of 30 Pa s–500,000 Pa s. However, the results from
the viscous drag on shafts during pile penetration could not
possibly be used to explain the initiation of mudﬂows on
natural slopes.
More research into the viscosity of materials in the
plastic and the viscous liquid states are needed to provide a
reliable understanding of the initiation of mudﬂows.
The purpose of this research was to develop and validate
the ﬂow box test in order to derive the relationship
between the initial viscosity and LI. The measured initial
viscosity was then validated against the results from other
research. Subsequently, a back analysis of the Maokong
mudﬂow case study was conducted to determine the
accuracy of the prediction using measurement results.
This research began with the development of a govern-
ing equation for FBT and apparatus to measure the initial
viscosity as a function of LI. To verify the results, the
method was applied to kaolin soil as a pilot project and to
soil samples from the actual Maokong mudﬂow case. After
validation, the numerical simulation of the Maokong
mudﬂow was then implemented using the measured
parameters from FBT. Comparisons were then made with
previous research results.
3. Materials and methods
3.1. Governing equation for flow box
Terzaghi (1943) illustrated the load transfer in a soil
column to explain the arching effect of the trap door
concept that was originally used for sand. The application
of this tool varies for sand, clayey soil, and rock. The areas
of application are as follows: subsidence or chimney caving
(Pariseau, 2008), tunnel stability (Casarin and Mair, 1981),
and gravitational ﬂow of soil (Lee et al., 2006). Flow
displacement is therefore set on active mode during the
downward movement of the trap door. In the present
study, the governing equation is derived from a modiﬁca-
tion of this approach for clay.
The assumptions in the ﬂow box test (FBT) model are as
follows:Fig. 4. Slice equilibrium for trap door problem in clay with (a) dimensiona. Plane of strain is in 2Dof ﬂow box and (b) detailed slice equilibrium.b. Material is isotropic during rest and ﬂowc. Failure surface is vertical
d. Viscosity (Z) is time-dependent
e. Trap door moves away from the soil (active mode)
f. Yield stress (ty) is constant during rest and ﬂow, but Z
may change during ﬂowg. Temperature (T) is constant.
The thickness of the slices (dz) of the soil samples, with
height (H) and width (B), is in equilibrium (Fig. 4). Hence,
the vector summation of the overburden pressure (Fv), the
weight of the slice (W), the increase in overburden pressure
(FvþDFv), and friction along the failure surface (Ff) should
be zero. Thus, the governing equation for the proposed
model is derived as
dsv
dz
þC1  sv ¼ gþ2c
ﬃﬃﬃﬃﬃﬃ
Ka
p P
A
ð4Þ
where sv is the vertical total stress, z is depth, g is the soil
unit weight, c is cohesion, Ka is an active earth pressure
coefﬁcient, P is the perimeter, A is the area perpendicular
to vertical force, and C1 is a constant, given by
C1 ¼
P
A
Ka ð5Þ
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sample surface, the boundary condition issv ¼ q at z¼0,
and the vertical total stress becomes
sv ¼
g
C1
þ 2cﬃﬃﬃﬃﬃﬃ
Ka
p
 
þ q  g
C1
 2cﬃﬃﬃﬃﬃﬃ
Ka
p
 
eC1z ð6Þ
Then, cohesion is written as
c¼ q  g
C1
 Ff  gAH
A 1 eC1Hð Þ
   ﬃﬃﬃﬃﬃﬃ
Ka
p
2
ð7Þ
The Ka value for clay in the undrained condition (using a
certain value for c with an internal fraction angle (f) of
zero) is 1.
The rheology of a mudﬂow, considered to be a non-
Newtonian material (Eq. 1), is introduced as Ff and is
written as
Ff ¼ cþZ
dv
dy
 
A
B
H ð8Þ
where y is the distance perpendicular to the velocity
direction, dv/dy is the shear strain rate, and B is the trap
door width. To deﬁne the shear strain rate, the distance of
y is assumed to be similar to the trap door width.
The spring below the trap door can be used to examine
the viscosity behavior. The purpose of the spring is to resist
the movement after equilibrium has been reached between
the area above the spring and the spring force. Initially,
instantaneous displacement will occur, and then the velo-
city will subsequently decrease with time. The decreasing
velocity with time is needed to calculate the viscosity from
the displacement–time relationship.
Using the equilibrium of W, q, spring force, and Ff, the
viscosity function is derived as
Z tð Þ ¼ g AHþqA  k  d tð Þ  c A
B
H
 
B2
AH
1
dv
 
ð9Þ
where d(t) is the displacement at time t and dv is the
difference in velocity. If Eq. (9) is plotted as the relation-
ship between Z and t, Z increases linearly with t. Hence, this
linear function is used to obtain the viscosity value.
When Eq. (7) is coupled with Eq. (8), the velocity at t
[v(t)] becomes
v t2ð Þ ¼
cð2þH= BC2ð ÞÞþq  ðg=C1ÞþðgH=C2Þ
ZH= B2C2ð Þ
þv t1ð Þ
ð10Þ
where C2 is constant and is deﬁned as
C2 ¼ ð1 eC1H Þ ð11Þ
In Eq. (10), this implies that an increase in Z is followed
by a decrease in velocity v. If C1 and C2 are increased, v
will increase. To obtain the displacement proﬁle (i.e.,
displacement and time relationship), the integration of
the velocity proﬁle (i.e., the velocity and time relationship)
is needed.
A spring is installed below the trap door, and due to this
addition, the velocity of the ﬂow from Eq. (10) shoulddecrease. Then, the equation becomes
v t2ð Þ  v t1ð Þr0 ð12Þ
In Eq. (12), the negative value indicates a decrease in
velocity.
Combining Eqs. (10) and (12), the minimum c value for
particular trap door dimensions, the soil unit weight (g),
and the loading conditions can be obtained. The minimum
value for c is
cZ
q  ðg=C1ÞþðgH=C2Þ
ð2þH=ðBC2ÞÞ
ð13Þ
The decrease in the minimum cohesion value [Eq. (13)] is
followed by a decrease in the applied q. This shows that c is
associated with the soil unit weight (g) and the dimensions
of the ﬂow box, but not with the viscosity (Z).
Analogous to the Herschel–Bulkley model, the calcu-
lated displacement proﬁle is calibrated and curve-ﬁtted to
the experimental data using
d ¼ doþKðtÞn; for dZdo ð14aÞ
t ¼ 0; for dodo ð14bÞ
where d is the displacement, do is the immediate displace-
ment, and K and n are constant ﬁtting parameters as
deﬁned in Eq. (2). The immediate displacement (do) is
deﬁned as the initial instantaneous displacement measured
at time t¼0.
3.2. Hardware design of the flow box
The set-up of the FBT is shown in Fig. 5. The ﬂow box,
made of 1.0-cm thick acrylic, has two separate, upper and
lower, chambers. The lower chamber is the soil sample
compartment; it is 40 cm in length, 10 cm in width, and
5 cm in height. The sample height is kept low, at 5 cm, to
obtain vertical failure. The trap door is located in the
middle section, which is 8 cm wide and 10 cm long. Below
this trap door, a compression spring with a spring constant
of k¼0.087 N/m is attached. The upper chamber is a
loading chamber of similar length and width, but of a
different height (40 cm) than the lower chamber.
A distributed loading of 3.5 kPa is applied with water-
ﬁlled ﬂexible plastic. Using Eq. (13), the minimum value
for c is 1.4 kPa, which is a lower value than c at LL
(2 kPa). Hence, this test provides more data on the
behavior of the soil in various viscous liquid states.
3.3. Sample preparation
A dry soil (5 kg) was thoroughly mixed with distilled
water using a soil mixer to produce a series of samples of
varying water contents. The samples were covered, air-
sealed, and kept undisturbed for 24 h to obtain homo-
geneity in the water content. Afterwards, the samples were
remixed for 30 min, then set and checked for water
content again.
Fig. 5. (a) Schematic of ﬂow box setup and (b) general view photo at end of test.
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Tests were performed using the procedure outlined
below. The trap door was kept closed, and a linear variable
differential transformer (LVDT) was installed below it to
measure the displacement. Samples with the desired water
contents were prepared. The lower chamber was ﬁlled with
a soil sample. The upper chamber was then placed above
the lower chamber. After inserting the ﬂexible plastic bag,
it was ﬁlled with water to create a distributed load.
The sample was then ready to run and the trap door was
opened. Displacement readings using LVDT commenced
at this point in time. After the LVDT reading reached the
steady state, the test was concluded. Post-test water
content and g were checked.3.5. Viscosity data calculation
The calculation procedure was as follows. A set of
displacement proﬁles was selected for each specimen at
different water content levels. An experimental velocity
proﬁle was derived from the displacement proﬁle using
time interval Dt. A velocity (v) was calculated as the ﬁrst
derivation of displacement (d). The measured cohesion (c)
values were based on the sample water contents. A series of
viscosity (Z) values was input as a linear function of time
(t). Time was set at t1. Using that Z data and Eq. (10), one
of the Z functions was used when an initial point of the
calculated v matched the experimental velocity proﬁle at t1.
The Z function was then chosen. An analytical displace-
ment proﬁle was conducted by integrating a calculated
velocity proﬁle using the trapezoidal rule. Using the
Z function from the latter step, the ﬁrst curve of that
displacement proﬁle was drawn. Curves were matched
between the analytical and the experimental displacement
proﬁles using Eqs. (14a) and (14b). The ﬂow curve was
plotted and checked for the tendency of Z to exhibit
the characteristics of shear thinning. These steps were
performed for each of the specimens at different water
contents (w).3.6. Developing initial viscosity and liquidity index graph
A graph was drawn for the set of displacement proﬁles
for every specimen [Fig. 6(a)]. The graph of Z with t was
plotted for each specimen [Fig. 6(b)]. If time was set to
t¼ t1, then a series of Z values could be obtained. The LI
value and each Z value for t¼ t1 were combined and a
graph for Z and LI at t¼ t1 was drawn [Fig. 6(c)]. These
steps were performed for other speciﬁc times (e.g., t¼ t2,
t¼ t3,y, t¼ tn).
Next, a single graph showing Z evolution with time was
presented. LI¼LI1 was set to obtain a series of Z levels. A
curve in the Z (in log scale) and t space was plotted, and
the initial curve was extended to t¼0. Then, an initial Z at
LI1 was determined [Fig. 6(d)]. The initial viscosities were
performed for other speciﬁc LIs. Hence, the set of initial Z
and LI data were plotted.3.7. FLO2D
FLO2D, software based on the ﬁnite difference method,
applies a simple conservation model by distributing the
volume of a mudﬂow using a system of square grid
elements (O’Brien, 1986). The governing equation com-
prises both the continuity equation and the equation of
motion for mudﬂows as follows:
@h
@t
þ @hvx
@x
¼ 0 ð15Þ
Sfx ¼ Sox 
@h
@x
 2vx@vx
g@x
 1
g
@vx
@t
ð16Þ
where h is the ﬂow depth, vx is the average velocity in
direction x, g is the gravity acceleration, t is time, Sfx is the
friction slope component based on Manning’s coefﬁcient n,
and Sox is the slope of the bed. The n is the analogue of the
friction coefﬁcient.
Sf ¼
hf
L
¼ n
2Q2
A2R4=3
ð17Þ
Fig. 6. Developing initial viscosity and liquidity index graph.
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divided by the ﬂow perimeter, hf is the ﬂow depth related
to the friction slope component, and L is the ﬂow length.
The data input for the software includes topographic
information, soil and rheology parameters (ty and Z), and
the volume of the mudﬂow. The output of this program is
a prediction of the thickness and the velocity of a mudﬂow
during its transportation, as well as the ﬁnal results for
deposition thickness. This software is useful for reliably
simulating a mudﬂow case using a back analysis (Bisantino
et al., 2010; Calligaris et al., 2008; O’Brien et al., 1993).Fig. 7. Comparison of experiment displacement data and matching curve
for (a) kaolin and (b) Maokong.4. Results
4.1. Evolution of experimental displacement
Initially, there was an immediate displacement due to
gravity when the trap door was opened. Additional
loading (q) created shear stress and caused the soil to
ﬂow. This loading arising from both gravity and water
pressure stimulated the actual initiation of a mudﬂow.
Instantaneous ﬂow velocity (v) appeared at this initial time.
Subsequently, v reduced due to the increase in viscosity (Z)
until the mass was stationary. The displacement proﬁle
from the ﬂow box test is shown in Fig. 7 (both sets of
dotted data). The intersection to the displacement ordinate
is the immediate displacement (do). Hence, this process was
expected to produce results similar to the velocity of a
mudﬂow from the initial stage to deposition.
The general increase in water content (w) was followed
by the increase in displacement (d). The soil ﬂow stopped
after the displacement had reached the steady state. The
initial time (t) related to a displacement maximum is
termed the optimum time (topt). The topt decreased if w
increased. Soil with a smaller topt was susceptible to ﬂow
(i.e., mudﬂow), especially for material in the viscous
liquid state.4.2. Kaolin sample
Kaolin soil is a pure clay with an internal frictional angle
of zero (f¼0). For this reason, it was used as a sample in
Table 3
Constant ﬁtting curve-matching parameters.
Sample no. w (%) First trial Final trial
do (mm) K n do (mm) K n
1a 25.12 0.40 0.3 1 0.58 0.20 1.10
26.42 0.60 0.3 1 0.83 0.28 1.10
32.62 1.10 0.4 1 1.67 0.50 0.72
34.31 1.40 0.5 1 2.33 0.03 1.90
37.00 2.30 0.5 1 2.53 0.65 1.05
42.08 3.50 0.5 1 3.83 0.33 1.05
2b 28.94 7.50 0.05 1 8.21 0.06 1.10
32.03 8.00 0.05 1 8.83 0.04 1.15
35.21 9.00 0.04 1 9.05 0.04 1.15
36.91 10.00 0.04 1 11.08 0.04 1.15
39.86 15.00 0.04 1 18.90 0.03 1.15
aKaolin sample.
bMaokong sample.
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and LI under this f¼0 condition.
Kaolin had LL and PL values of 32 and 24 in this study,
respectively (Table 1). The unit weight was in the range of
19–23 kN/m3, and the cohesion values were obtained from
previous studies using direct shear tests and MBT. The
water content ranged from 25.12% to 42.08% (Table 2)
and the loading was 3.5 kPa. As seen in Fig. 5, this loading
came from the water in the ﬂexible plastic bag. The loading
was intended to increase the shear stress to the point where
ﬂow would be initiated when the shear stress exceeded the
yield stress. From Eq. (13), the combination of this loading
and the geometry of FBT enabled us to determine a
cohesion minimum of 1.48 kPa for this research.
Fig. 7 shows a comparison of the experimental and the
analytical displacement proﬁles after the curve-matching
procedure. The curve-matching parameters are summar-
ized in Table 3. Using Eqs. (14a) and (14b), we determined
the values of d (0.4 mm), K (0.3), and n (1) for the ﬁrst trial
where the water content was 25.12%. After curve-match-
ing, the values of d (0.58 mm), K (0.20), and n (1.1) were
determined.
The maximum displacement ratio is deﬁned as the ratio
of the maximum displacement between two soil samples to
different water content (w) levels. The maximum displace-
ment ratio for water content levels of 32.62% and 25.12%
was 1.7 (the plastic state), as seen in Fig. 7(a). The
maximum displacement ratio for water content levels ofTable 1
Soil parameters.
Sample no. Soil LL PL PI Gs CF (%) c (kPa) f
1 Kaolin 32 24 8 2.62 51 1.5–76.0 0
2 Maokong 33 26 7 2.66 32 1.48–12.0 0
Note: LL is liquid limit; PL is plastic limit; PI is plasticity index; Gs is
speciﬁc gravity; CF is clay fraction; c is cohesion, and f is internal
frictional angle.
Table 2
Variation in water content.
Sample no. Water content
w (%)
Cohesion ea
(kPa)
Unit weight g
(kN/m3)
1b 25.12 76.00 23.02
26.42 62.00 20.30
32.62 2.20 19.24
34.31 2.00 19.05
37.00 1.80 19.00
42.08 1.50 18.80
2c 28.94 12.00 25.00
32.03 2.20 22.30
35.21 1.55 20.22
36.91 1.52 20.10
39.86 1.48 19.10
aCohesion was measured by MBT.
bKaolin sample.
cMaokong sample.42.08% and 25.12% was 7.1 (the viscous liquid state). The
displacement ratio for the plastic state was smaller than
that for the viscous liquid state.
The initial ﬂow velocities for water content levels of 25.12%,
37%, and 42.08% were 1.67 104 m/s, 8.23 104 m/s,
and 1.34 103 m/s, respectively. This indicated that the
increase in w was followed by an increase in v.
4.3. Reproducibility using Maokong soil
The soil parameters for Maokong soil are presented in
Tables 1 and 2. The results show a similar behavior to the
kaolin sample. LL was 33, which is close to that of kaolin
(LL=32). The topt was only 0.5 h [Fig. 7(b)]. The topt of
Maokong soil was 1.4 to 5 times more than that of kaolin,
indicating that this soil is more susceptible to failure if an
increase in the water content changes it into a viscous
liquid state.
5. Discussion
5.1. Influence of LI and viscosity on flow velocity
From the slopes of the displacement–time curves in
Fig. 7, it appears that the velocity (v) increases with the
transition from the plastic state to the viscous liquid state
due to the reduction in viscosity (Z). Dinger (2002) also
found that the velocity will decrease due to the increase in
viscosity brought about by extending the shearing time.
This is referred to as the shear thinning phenomenon of
soils. For the kaolin with LI¼1.5, in Fig. 6(d), Z will
increase 111 times (from 0.9 Pa s to 100 Pa s), while the
shearing time changes dramatically from 5 min to 4 h. The
decreasing velocity with time can be attributed to the
increased viscosity. Hence, Maokong and kaolin in Fig. 7
display similar behavior as shear thinning materials.
Bonzanigo et al. (2006) proposed that the velocity (v) is
more closely related to Z than its ty; this has again been
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with a variation in velocity for a speciﬁc duration of time
(Gonzalez et al., 2008). The ﬂow box test simulated a
change in viscosity over time, therefore simulating real
cases that have an unsteady shear strain rate and time-
dependent viscosity. In the viscous liquid state, the evolu-
tion of Z will certainly illustrate how mudﬂows begin
to move.5.2. Influence of LI and clay fraction on viscosity
The initial viscosities for both kaolin and Maokong soil
are presented in Fig. 8, which shows that an increase in LI
is followed by a decrease in viscosity (Z). Based on the
slope and the curve type, the steepest slope was assumed to
be associated with the plastic state, followed by a gradual
decrease in the curve due to the increase in w, which is
referred to as the viscous liquid state. An increase in the
clay content was followed by an increase in viscosity (Z).
Kaolin and Maokong soil had clay contents of 51% and
32%, respectively. However, the Z value of kaolin was 25
to 37 times higher than that of the Maokong soil despite a
difference in clay content of only 1.6 times. Therefore, the
difference in mineral composition led to the non-linear
difference in viscosity (Z) between the two soils.
A lower clay content can make soil more susceptible to
ﬂow (Yalcin, 2007). Ellen and Fleming (1987) suggested
that these soils are favorable for mudﬂows due to their ﬁne
content of silt and clay with grain sizes smaller than
0.075 mm. Using the kaolin sample and Maokong soil, it
was found that increasing the clay fraction also caused an
increase in the initial viscosity. This tendency for the
viscosity to increase, as observed in the kaolin sample,
also provides us with some conﬁdence regarding the
derived curve for Maokong soil, as shown in Fig. 8.
Some viscosity data with very huge values, reaching up
to 500 Pa s, have been presented by Mahajan and BudhuFig. 8. Comparison of initial viscosity and liquidity index for kaolin and
Maokong using ﬂow box test and moving ball test.(2008). Since their viscosity data were obtained under
viscous drag on shafts during pile penetration, which is
totally different from the situation of mudﬂows, we will
not use their values for discussion in this study.
5.3. Validation with case study
The viscosity of Maokong soil using FBT was 0.008 Pa
s–2 Pa s. The MBT in this study was run for LI greater
than 3.3 and 2.6 for kaolin and Maokong soil, respectively.
The results show that there is a gap between FBT and
MBT (Fig. 8). However, this shows that the tendency of
the FBT results may be extrapolated to the MBT results.
Thus, we see that the results from the FBT are reliable and
can be reproduced to accurately obtain the viscosity
values. Furthermore, all the results from the FBT were
in the range of the viscosity values obtained by other
researchers. The ﬂow box therefore successfully simulated
the soil ﬂow for both plastic and viscous liquid states.
The Maokong area of Taiwan is hilly, with a 120 m
maximum elevation and steep slopes averaging 291. The
volume of the mudﬂow was estimated at 2376 m3. The
total length of the mudﬂow was 275 m, with an average
width of 40 m. Simulation of the Maokong case was run
using FLO2D software with soil parameters LI¼1.98,
Z¼0.008 Pa s, and ty¼1.48 kPa. This yield stress (ty) value
was measured using the moving ball test (MBT) originally
designed by a member of our project team (Lee et al., 2009;
Hendriks, 2009; Lin, 2008; Yao, 2007). The thickness of
the deposition, measured in a tennis court, had a simulated
ﬂow depth of 1.1–2.0 m. In situ measurements found that
the thickness was between 1.1 m and 2.2 m. The simulated
maximum velocity was in the range of 1.4–6.3 m/s and
took about 196.4 s to 43.7 s to ﬂow down to the toe. We
compared this with a resident’s eyewitness account that
described the event as having occurred very quickly,
namely, it was over in only a few minutes (Chen, 2009).
Therefore, the simulation results using parameters from
the FBT were regarded as acceptably close to the in situ
measurements. This implies that the parameters deduced
from the FBT were reliable enough to simulate the
Maokong mudﬂow.
5.4. General characteristics of mudflow initiation
When soil changes from the solid state to the plastic
state, the soil should start to move slowly due to high
viscosity. If the water content increases progressively, the
soil may gradually enter the viscous liquid state, which
leads to faster movement. At this point, a mudﬂow may
occur. The results conﬁrm that viscosity is affected by
increases in the water content (Kooistra et al., 1998), but
that the trend is not linear, as seen in Figs. 8 and 3.
Furthermore, the LL is dependent on the water content at
the boundary between the plastic and the viscous liquid
states. Higher viscosity has a longer optimum time com-
pared to lower viscosity, whereas lower viscosity tends to
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content changes. Thus, the soil will experience high
susceptibility to ﬂow for lower clay contents and increasing
water contents.
6. Conclusions
Mudﬂows can have a severe impact on society. Research
on the initiation of mudﬂows is just as important as
research on the explanations about their governing para-
meters. This research has proposed a new design ‘‘Flow
Box’’ in order to obtain the relationship between the initial
viscosity and the liquidity index. The governing equations
for this ﬂow box test have been derived by coupling the
trap door principle with the Bingham model. Together
with the moving ball test (MBT), designed earlier, this ﬂow
box test can provide the initial viscosity of a soil in relation
to its liquidity index in both plastic and viscous liquid
states.
From the relationship between the initial viscosity and
the liquidity index, the general characteristics of the
initiation of a mudﬂow can be described. An increase in
the clay content leads to an increase in the initial viscosity,
which points to the importance of the mineral composition
of soils in their susceptibility to mudﬂows. If the water
content increases slowly, the soil will gradually change to
the plastic state and start to move slowly like earthﬂow
with a high viscosity. If the water content increases
quickly, the soil may enter the viscous liquid state faster,
and thus, move faster. This would be the point at which a
mudﬂow would be initiated.
In this paper, we have shown how the ﬂow box test
makes it possible to measure viscosity in both plastic and
viscous liquid states and contribute to the study of the
factors leading to the initiation of mudﬂows with viscosity
as a key parameter.
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